Exposure to crystalline silica ranks among the most frequent occupational exposures to an established human carcinogen. Health-based occupational exposure limits can only be derived from a reliable dose-response relationship. Although quartz dust seems to be a well-measurable agent, several uncertainties in the quantification of exposure to crystalline silica can bias the risk estimates in epidemiological studies. This review describes the silicaspecific methodological issues in the assessment of exposure. The mineralogical forms of silica, the technologies applied to generate dust, protective measures, and co-existing carcinogens are important parameters to characterize the exposure condition of an occupational setting. Another methodological question concerns the measurement of the respirable dust fraction in the worker's breathing zone and the determination of the quartz content in that fraction. Personal devices have been increasingly employed over time, whereas norms for the measurement of respirable dust have been defined only recently. Several methods are available to analyse the content of crystalline silica in dust with limits of quantitation close to environmental exposure levels. For epidemiological studies, the quartz content has frequently not been measured but only calculated. To develop a silica-dust database for epidemiological purposes, historical dust concentrations sampled with different devices and measured as particle numbers have to be converted in a common exposure metric. For the development of a job-exposure matrix (JEM), missing historical data have to be estimated to complete the database over time. Unknown but frequently high-exposure levels of the past contribute largely to the cumulative exposure of a worker. Because the establishment of a JEM is crucial for risk estimates, sufficient information should be made accessible to allow an estimation of the uncertainties in the assessment of exposure to crystalline silica. The impressive number of silica dust measurements and the evaluation of methodological uncertainties allow recommendations for a best practice of exposure assessment for epidemiological studies. Keywords: exposure assessment, crystalline silica, job-exposure matrix, quartz dust.
Introduction
Exposure to crystalline silica ranks among the most frequent occupational exposures to a carcinogen following environmental tobacco smoke and exposure to ambient UV light (Kauppinen et al., 2000) . The International Agency for Research on Cancer (IARC) concluded on sufficient evidence in humans for the carcinogenicity of inhaled crystalline silica in the form of quartz or cristobalite (group 1) from industrial sources (IARC, 1997) . There is limited evidence in experimental animals for the carcinogenicity of tridymite and inadequate evidence in humans for amorphous silica. Coal-mine dust, although containing quartz, was classified in group 3.
For environmentally ubiquitous and industrially highvolume agents such as silica dust, a certain baseline exposure can hardly be avoided. An appropriate quantitative assessment of the exposure is therefore of high priority when estimating and regulating cancer risks especially in the lowdose range (EPA, 1986 (EPA, , 1996 . Uncertainties in exposure assessment may have, in consequence, strong implications for the health risks of exposed workers as well as for the industries to achieve sufficiently safe exposure levels.
To permit an improved analysis of the silica-related lung cancer risk, IARC conducted a pooled analysis of cohorts from different industries and countries (Steenland et al., 2001) . A comprehensive re-assessment of the exposure to respirable crystalline silica dust was performed to develop a common exposure metric ('t Mannetje et al., 2002) . Although dust seems to be a well-measurable agent, it has been sampled using different devices under different measurement strategies across industries, countries, and over time.
The impressive number of measurements of crystalline silica constitutes a database to assess an exposure situation that can probably be regarded as one of the best known compared to other hazardous substances. Together with the long-standing experience in the field of quartz-dust measurements, a best practice can be proposed to assess exposure to crystalline silica for epidemiological purposes. To further improve the risk estimation for quartz-related diseases, we provide a review on the potential uncertainties in the assessment of exposure to respirable crystalline silica in occupational settings and offer recommendations for future research in this field. The focus was set on silica-specific methodological issues to generate exposure variables for epidemiological purposes. More general aspects in the process of exposure assessment and methodological questions about the health outcome, such as latency or cell type in lung cancer epidemiology, are not within the scope of this article.
Mineralogical types of silica
Crystalline silica is a basic component of the earth's crust, especially of sand and rock. Nearly every naturally occurring mineral contains silica in smaller or larger percentages. The name ''silica'' collectively describes various forms of silicon dioxide, including both crystalline and amorphous forms. Among a dozen polymorphs of silica (Greenwood and Earnshaw, 1985) , quartz is the most common form of crystalline silica found in occupational settings. At room temperature, a-quartz is the thermodynamically stable form into which b-quartz rapidly converts. The crystals can be characterized by their structural geometry, which is influenced by pressure and temperature. Quartz converts slowly into tridymite under certain conditions and then into cristobalite at high temperatures.
Among the amorphous forms, ''silica glass'', the rapidly cooled molten silica, and diatomaceous earth, the fossil skeletons of marine or sweet-water algae, are industrial bulk materials. During calcination of the diatomaceous earth, the organic impurities are removed and amorphous silica is converted into cristobalite to a certain degree. Therefore, exposure in the processing of diatomaceous earth has been included in the risk assessment of crystalline silica Rice et al., 2001; Steenland et al., 2001) although the parent material does not contain crystalline silica in significant amounts. Figure 1 shows a historical light microscopy photograph taken from a membrane filter with diatomaceous earth from a marine deposit (Kortner and Landwehr, 1962) . The content of quartz was 5% and cristobalite was not detectable. The sample contained material with a diameter between 2 and 5 mm and a length of more than 10 mm. These structures comprise fibres according to WHO (WHO, 1988) . Similar fibre structures were confirmed by electron microscopy (Barenblatt et al., 2002 ). An increase in the incidence of lung cancer in the diatomaceous earth industry could therefore be also attributed to the exposure to amorphous silica fibres if these were sufficiently bio-persistent (Dahmann and Bauer, 2002) .
Differences in the state of the surface (freshly fractured or aged), impurities, and associated minerals may modify the carcinogenic potential of the polymorphs (Schins et al., 2002; Cakmak et al., 2004; Fubini et al., 2004; Seiler et al., 2004) . These physico-chemical properties of a silica type may even override the respective variation between the different polymorphs . Accompanying mineralogical and toxicological investigations of dust samples from occupational settings selected for epidemiological studies can provide additional information on the carcinogenicity of the material.
Occupational settings with exposure to crystalline silica
The US National Institute for Occupational Safety and Health (NIOSH) estimated that about 1.7 million US workers are potentially exposed to respirable crystalline silica (NIOSH, 2007) . According to the European database CAREX, more than 1 million of German workers were considered as occupationally exposed to respirable crystalline silica above background level (Kauppinen et al., 2000) . Different assumptions about the background level may influence the estimates of exposed workers.
Regarding the content of silica in the respirable dust fraction at workplaces, concentrations vary across industries and over time from almost nil to high two-digit percentages. For Chinese tungsten mines, the silica content was reported with 47.6%, and with 10.6% for iron-copper mines (Dosemeci et al., 1995) . No information was provided whether these contents refer to dust samples of the ore or of the accompanying rocks or to the parent material. For epidemiological purposes, not the quartz content of the Figure 1 . Membrane filter sample of diatomaceous earth dust after removal of particles 45mm and before calcining (magnification Â 160) (Kortner and Landwehr, 1962) . parent material but of the dust samples is the relevant information. In Germany, more than 100,000 measurements of crystalline silica have been assembled in a database compiled by the German Hauptverband der gewerblichen Berufsgenossenschaften (Bagschik et al., 2006) . In many settings, new technologies and protective measures resulted in a significant reduction of the exposure levels. For example, the median exposure level to crystalline silica during works with quartz sands was reduced from 0.62 mg/m 3 during the decade 1974-1984 to 0.27 mg/m 3 in the following decade, accompanied by a corresponding reduction of peak exposures.
Only very few exposure circumstances such as industrial sand works seem not to be confounded by co-existing carcinogens. Most exposure circumstances comprise mixed exposure environments such as ore mining or ceramics industry. At an expert workshop about the epidemiological perspectives on silica and health, it was concluded that the influence of co-exposures must be properly addressed (IMA, 2004) . For example, in a Finnish study, the adjustment for asbestos reduced the lung cancer risk of crystalline silica considerably (Pukkala et al., 2005) .
A comprehensive and systematic description of the occupational settings regarding the polymorphs of silica, the technologies and protective measures applied, and the co-existing carcinogens provide important information to characterize the exposure circumstances. Table 1 exemplifies the relevant information to describe major industries regarding exposure to crystalline silica. There are yet many other operations such as abrasive blasting and foundry works that expose to crystalline silica.
Dust sampling and determination of respirable silica
The determination of the exposure levels to crystalline silica is a two-step process. The first step is the measurement of respirable dust fraction. This step is a key procedure in providing reliable data for epidemiological purposes. It is therefore important to comply with international standards. The second step is the determination of the content of crystalline silica in the dust samples. This step is critical if the content is calculated instead of being analytically measured.
Sampling of Respirable Dust
Airborne silica dust enters the body primarily by inhalation. The respirable fraction is of importance for the development of lung diseases. It has been defined in two international standards (CEN EN 481, 1993; ISO 7708, 1995) . This fraction may contain particles up to about 10 mm in aerodynamic diameter, which can reach the bronchioles and alveoli. A first definition was given in the so called ''Johannesburg convention'' (Orenstein, 1960) based on a sampling efficiency curve suggested by the British Medical Research Council (BMRC) with a 50% separation probability for particles with an aerodynamic diameter of 5 mm. The current norms were based on the hypothetical sampling efficiency curve of an ideal sampler with a 50% separation probability for particles with an aerodynamic diameter of 4 mm. The difference between these two conventions on the respirable fraction is very small compared to other uncertainties in exposure assessment (CEN EN 481, 1993; Dahmann et al., 2001 ). The BMRC sampler produces slightly higher concentrations. In the European standard EN 481, both conventions are allowed.
A sampling device for the respirable fraction needs a pre-separation process where larger particles are removed from the aerosol stream. Cyclone pre-separators, elutriators, or impactors are suitable for this purpose. Other devices, especially the various historical ''total dust'' samplers, have unknown or ill-defined pre-separation characteristics. The sampling can be influenced by wind speed and humidity among other factors that can, for example, result in an agglomeration of particles. The assessment of the performance of a sampler has been described in the standard EN 13205 (DIN EN 13205, 2002) , whereas the International Standards Organization has not yet developed a corresponding standard. Sufficient information on the devices should be reported to allow a comparison with the current conventions. More tests of sampler types according to these standards are needed. Table 2 describes common devices used to measure exposure to respirable dust. They comprise stationary samplers such as those used in China and personal samplers such as impingers, konimeters, or filter samplers.
Historically, particle number-counting techniques prevailed. They were gradually but not generally replaced by gravimetric methods where the mass on the filter is determined. Although gravimetric measurements have been conducted for decades, an international standard for gravimetric dust determination has only been agreed upon in 2000 (ISO 15767, 2001 ). Future gravimetric measurements should comply with that standard. The recommended metric for ultrafine particles is the particle count. To determine common measures and with respect to particle toxicology, the number of particles in the alveolar fraction may provide useful information in addition to their mass and surface area.
Personal samplers are in many cases considered to be of greater value for measuring a worker's exposure than static samplers, because the concentration of respirable dust in the breathing zone of the worker is the relevant parameter for health effects. Personal samplers usually have considerably lower suction rates than static samplers. Therefore, the latter yield higher masses in the filter samples. If sampling is performed according to the international standards, the suction rates model the human breathing physiology in both cases. Thus, personal sampling cannot be considered generally superior to static sampling when all technical and physiological parameters are taken into account. These factors include workplace geometry, ventilation velocity, air change rate, and degree of definition of air streams. However, the results of historical static sampling often need an additional step of conversion of the data into concentrations that correspond to the respirable dust in the worker's breathing zone. The differences between the two sampling systems will be evaluated in the chapter on the role of measurement strategies.
To assess the worker's exposure to respirable dust or crystalline silica respectively during a working shift, an average shift concentration has to be determined. The shift exposure can be directly measured by equipping workers with a person-carried instrument over the whole course of the shift. For practical reasons, it is common to measure only episode-related exposures. A minimum time period (in Germany usually 2 h) has to be covered by the respective sampling exercise. Historical sampling time could be even shorter, for example 10-20 min. Concentrations from shorttime sampling under operation conditions can overestimate the exposure during a shift, when periods of low or zero exposure were not included. In addition, the length and number of shifts per year may vary across countries and over time.
Measurement Strategies
To estimate the lung cancer risk of crystalline silica, measurements should be collected in air-monitoring surveys. In most countries, dust has usually not been sampled for epidemiological purposes but to control the industrial hygiene at high-risk workplaces. Subsequent control measurements may reflect successful preventive strategies. In addition, changes of the occupational exposure limits for compliance could also be found reflected in the annual exposure levels of measurements conducted afterwards (Heederik and Attfield, 2000) . Thus, compliance measurements might differ from concentrations measured in an unselected survey approach.
Finally, also the reporting process may influence the exposure levels documented in reports or databases, in particular, whether the measurements have been reported by either mine operators or governmental inspectors (Attfield and Hearl, 1996) . According to Chen et al. (2001) , the Chinese government has enforced systematic dust sampling regulations, which required mines and companies in the dusty trades to measure the total dust concentrations monthly in dusty work areas wherever exposure to silica was expected, to measure crystalline silica content in bulk dust, if deemed necessary, and to report the results to administrative authorities. As the impact of the reporting procedure on the documented data is not known, there is yet uncertainty if the Chinese database was derived from an unbiased airmonitoring survey especially during instable political periods.
To evaluate the influence of measurement strategies, US and German samplers were compared under different exposure assessment scenarios in five US coalmines in a comprehensive sampling program (Buechte et al., 2004) . The equipment MPG II (Bauer and Bruckmann 1974 ) is a stationary gravimetric device as applied in the German coal mining industry. The device CPSU (Tomb, 1990 ) is a gravimetric personal sampler used in US coalmines. Both devices are in use since the 1970s. A side-by-side sampling of the stationary and personal device was conducted at a defined sampling location 15 m upwind the tailgate on the longwall according to German regulatory requirements for stationary measurements (Bauer, 1995; RAG, 1996) . Simultaneously, personal dust samples were taken at the shearer operator in accordance with current US regulations (MSHA, 2001 ). More than 200 samples of respirable dust were collected over the course of 37 shifts. The dust samples were weighed and the quartz content was determined using X-ray refractometry in a certified laboratory in Germany. The concentrations of respirable dust and the relative contents of quartz in these dust samples were analysed with multiple regression models to estimate the impact of device and sampling strategy among other factors. At the defined sampling location, the average concentration of respirable dust was 3.3 mg/m 3 with the stationary sampler and 2.8 mg/m 3 with the personal sampler, respectively. The average concentration of the personal dust sampler at the shearer operator was 1.9 mg/m 3 . Whereas both device and sampling strategy had a significant impact on the concentrations of respirable dust varying by a factor of up to two, the relative content of quartz was not significantly influenced. Thus, the quartz concentrations expressed in mg/m 3 were correspondingly affected by sampling device and strategy. The regression models revealed an impact of the mines that might be due to the specific geological situation. Further, differences in the particle size distributions need to be taken into account because the CPSU measurements have to be adjusted to the BMRC curve (Tomb, 1990 ).
An important conclusion is the necessity of sufficient sideby-side measurements to determine the degree of uncertainty when applying different devices and measurement strategies.
Determination of Crystalline Silica
Currently, personal samplers allow only the collection of respirable dust, but not the direct determination of the silica content. The calculation of the silica concentration in respirable dust using the silica content of parent material is inadequate in most cases (Dahmann et al., 2001) . Infrared spectroscopy and X-ray diffraction are accepted methods for the analytical determination of crystalline silica. Standardization of these methods is underway. An analysis of the performance of these methods revealed a good agreement (Stacey, 2005) . Older methods included ''wet-chemical'' procedures such as the phosphoric acid method (Talvitie, 1951) . These methods were usually employed to analyse samples of parent material or commercial products. Also, a comparison of these formerly used methods revealed a sufficient degree of agreement (Roach et al., 1967 ).
An analytical problem is the measurement of quartz contents below 1%, especially in the low-dose range of dust (Bagschik et al., 2006) . The analytical problem of the limit of quantitation cannot be sufficiently solved by prolongation of sampling time to gain more mass of dust. Both infrared spectroscopy and X-ray diffraction cannot analyse more than a certain maximum amount of mass.
Development of an exposure database
The objective of the exposure assessment for epidemiological purposes is the establishment of a comprehensive database for risk estimation, comprising concentrations of crystalline silica in the respirable fraction. To develop a job-exposure matrix (JEM) for the calculation of the lifetime exposure of workers, missing data have to be filled in and historical measurements conducted with various devices have to be converted according to the requirements of the current standards. Also, the concentrations of the respirable dust and of common co-existing agents at the workplace should be included in a silica-related JEM as relevant exposure information.
Establishment of a Common Exposure Metric
For the development of an exposure database for epidemiological purposes with historical measurements, several conversions have to be conducted to derive a common exposure metric for crystalline silica. Sufficient side-by-side measurements under appropriate exposure scenarios are necessary to derive reliable conversion factors. For example, a good relationship between mass (gravimetric) and number (konimetric) concentrations of respirable dust was reported by Jacobson and Tomb (Jacobson and Tomb, 1967) .
For a pooled analysis of 10 occupational cohorts exposed to crystalline silica, it was necessary to convert the exposure data into a common metric ('t Mannetje et al., 2002) . Table 3 shows the average exposure levels by industrial setting (gold mining and granite quarrying, respectively). Differences in technology can hardly explain the large variation within a certain setting. For example, the average exposure levels in Finnish granite works was nearly 12 times the US exposure average. The US measurements were from historical periods and the Finnish data from more recent times. They might also reflect an impact of the varying conversion procedures applied to calculate concentrations. For gold miners from South Africa, a large number of konimeter and thermal precipitator measurements were obtained from an occupational dust survey conducted between 1956 and 1960. First, the respirable dust fraction had to be estimated from total dust (Page-Shipp and Harris, 1972) . Second, the mass of this fraction had to be calculated (du Toit, 1991) . Third, the respirable silica had to be estimated. This estimation was based on only one overall estimate of the content of crystalline silica. According to investigations of the silica content in dust samples from the East German uranium mining industry, there is a large variation by mine, operation, and time (Bauer, 2000) .
One major source of uncertainty of the different conversion procedures is the unknown performance of historical sampling equipment. Therefore, side-by-side measurements between historical and modern samplers allow an experimental proof of the performance characteristics. Figure 2 depicts the comparison of a Chinese ''total dust area sampler'' with an American person-carried device to convert the huge number of Chinese exposure data from different industries for the IARC pooled analyses (Gao et al., 2000; . Only 10 side-by-side measurements Table 3 . Average levels of exposure to respirable crystalline silica in similar industrial settings assembled for a pooled cohort study (modified from 't Mannetje et al., 2002 1940-1949, 1950-1959, y, 1980-1989 1925-1935, 1935-1940, y, 1970-1975, 41975 0.43 (0.25-0.65) South Africa Konimeter, thermal precipitator survey 22,000 measurements 1956-1960 11 job titles 1940-1950 1950-1960 1960-1970 0.19 (0.15-0.22) with an American person-carried device were conducted for the tin mines. We extracted the experimental data from a scatter-plot presented by . Nine out of the 10 measurements were performed under a low dustexposure scenario. The omission of the highest data point dramatically changes the resulting conversion factor with a collapse of the strength of the correlation assessed by R 2 . The estimation of the regression parameters is therefore not sufficiently supported by a few data points to convert the measurements on the whole concentration scale. The calculation of the conversion factor (3.6% respirable quartz in total dust from tin mines) is thus driven by just one data point and can hardly be used to convert the more than 100,000 concentrations of the Chinese database. The Chinese cohorts with more than 68,000 workers comprised three out of the 10 cohorts pooled to estimate the lung cancer risk of crystalline silica. Uncertainties in the conversion procedure should be critically considered regarding the risk estimations.
To establish a common database of dust measurements, conversion steps should be based on sufficient side-by-side measurements of the different devices under the respective measurement strategies, equipment, and appropriate exposure scenarios. Plausibility checks have to be performed to assess coherence within a study over the course of time and between studies. The conversion steps should be sufficiently documented to allow a scientific evaluation.
Development of a Job-Exposure Matrix
In retrospective epidemiological studies, the health risk of crystalline silica is estimated from the workers' lifetime exposure. Longstanding personal shift measurements of workers enrolled in a study are mostly limited or lacking. Thus, a worker's cumulative exposure has to be assessed based on the worker's occupational history and employing a so-called job-exposure matrix. A JEM assigns average exposure levels to job titles by calendar period. It allows to calculate a worker's cumulative exposure by an integral of the concentrations of crystalline silica inhaled over time, usually presented in mg/m 3 times year. Regarding the ''substance axis'', not only exposure to respirable crystalline silica should be presented, but also respirable dust and co-existing carcinogens should be included into a JEM for silica research. Further, biological response not only depends on the mass of crystalline silica in the dust samples, but also on the number of particles, which may impair the biological defence system.
The exposure data of a JEM are presented at group level for the job titles that comprise the ''job axis''. A general critical issue of JEMs is the variability of exposure between workers within the same job category (Loomis and Kromhout, 2004) . This leads to an attenuation of the estimated impact of exposure on the disease outcome (Heederik and Attfield, 2000) . Therefore, the job axis needs appropriate refining by plant, department, or specific tasks to achieve sufficiently homogenous exposure groups. On the other hand, the categorization of the job axis depends on the availability of sufficient exposure data for these job categories. The US NIOSH obtained more than 4,000 personal respirable dust measurements between 1974 and 1996 with an overall geometric mean of 25.9 mg/m 3 to conduct a pooled cohort mortality study of industrial sand workers (Sanderson et al., 2000) . Although the data set contained one of the largest numbers of personal measurements, they were not sufficient to create a JEM for all 143 jobs in 18 plants. Whereas only a few occupational categories were chosen for gold miners, the job axis of the Chinese JEM has been stratified in great detail ('t Mannetje et al., 2002) . Figure 3 illustrates the variation of the annual mean of total dust for a selected job title in four Chinese tin mines. There is a pronounced variation of the exposure levels within this job group between the different mines. In the 1950s, the average exposure varied between 8 and 25 mg/m 3 . A sudden decline of exposure occurred in three out of the four mines in 1959. Mine C showed much higher levels of exposure especially between 1960 and 1973 and between 1977 and 1982 . Such pronounced variations should be documented and explained to be accepted as plausible.
In total, the Chinese exposure database contains 2.1 million dust measurements (Dosemeci et al., 1995) . The exposure intensities were grouped into seven exposure categories with different interval lengths (o1, 1-1.9, 2-5.9, 6-9.9, 10-14.9, 15-24.9, Z25 mg/m 3 ) (Dosemeci et al., 1993) . For calculating the worker's exposure, the midpoint of the intervals is used with the exception of the highest exposure level that is presented by the lower limit of the open interval (25 mg/m 3 ). This upper exposure level is likely not well-supported by measurements as it is used as a fixed upper value for all industries, job titles, and calendar years. Uncertainties and imprecision especially at high exposure levels may be crucial in risk estimation. Therefore, the statistical procedure to provide an average exposure data point at group level for a certain job title in a defined time period should be described. Relevant information are the number of measurements underlying the data points and the parameter chosen as average.
Whereas the Chinese JEM tabulated arithmetic means (Dosemeci et al., 1993) , Sanderson et al. (2000) presented geometric means for the time-specific concentrations by job title and plant for a study in US sand workers. Original exposure data tend to be lognormal (Loomis and Kromhout, 2004) where the arithmetic means overestimate the ''average'' (respectively median) concentrations. This difference in central parameters of the original measurement distributions may easily result in a factor of about two when arithmetic and geometric means are compared as shown by Bochmann et al. (1997) .
Information should be provided on which data of a JEM were measured, converted, or estimated. Historical data are frequently lacking and thus can only be roughly estimated. Usually, historical exposure circumstances were often highexposure conditions. But also, lower exposures could be possible, resulting from low-intensity operations such as manual mining. Thus, the most uncertain data points of a JEM may contribute strongly to the individual's lifetime exposure estimate. For epidemiological studies among German uranium miners, a JEM has been developed with comprehensive data on exposure to respirable dust and crystalline silica. To obtain complete and more valid exposure data for operation period from 1946 until closure in 1989, historical workplaces were remodelled with equipment from the 1950s, and the impact of different protective measures was studied under these exposure circumstances (Bauer et al., 1998) . In addition to the concentrations of dust and crystalline silica, the JEM provides data for exposure to co-existing carcinogens, that is arsenic and radiation (Lehmann et al., 1998; Bauer, 2000) .
Because of the crucial role of JEMs in risk estimation, the database should be sufficiently described and made accessible to allow an evaluation of the exposure assessment, at least by request. The internet offers access to many important scientific databases, such as to a JEM on exposure in the European rubber industry (Kromhout, 2007) . Table 4 shows parameters that could describe a JEM for silica epidemiology.
Conclusion
An appropriate quantitative assessment of the exposure to crystalline silica is of high priority when estimating and regulating silicosis and lung cancer risks. Uncertainties in exposure assessment may have strong implications for both the health risks of exposed workers and for the industries to achieve safe exposure levels. The current review of these uncertainties is intended to offer recommendations for best practice in exposure assessment for silica research.
The first step in exposure assessment should be a comprehensive description of the occupational setting and the mineralogical characteristics of silica. The latter may even override the dose-related health effects. Accompanying toxicological investigations of dust samples from occupational settings selected for epidemiological studies can provide additional information on the carcinogenicity of the material. The second step is the measurement of the exposure to respirable dust according to the international standards in the breathing zone of the workers during a shift. This step is a key procedure in providing reliable data for epidemiological purposes. The content of crystalline silica should be analytically determined in the respective dust samples instead of calculation, wherever possible. International standardization of these methods is underway. Differences between measurement strategies and devices are of concern for the development of a common database for epidemiological purposes, such as for the pooling of studies. Sufficient sideby-side measurements, also between historical and modern equipment, under appropriate sampling strategies are needed to convert the data into a common exposure metric. Due to the general lack of individual exposure data for workers enrolled in cohort studies, a JEM is an epidemiological tool to assign exposure data at group level to the job titles of the workers for risk estimation. In addition to data on respirable silica, also data on the respirable dust concentration and, if possible, on co-existing carcinogens should be included into a JEM for silica research. Because of the crucial role of a JEM in risk estimation, it should be made accessible. Crucial for cumulative exposure variables are exposure estimates for historical workplaces with high-exposure levels but lacking or with insufficient measurements. Therefore, information is important to characterize exposure data of a JEM as being measured, converted, or estimated.
The US National Institute for Occupational Safety and Health recommended 0.05 mg/m 3 for up to a 10-h workday during a 40-h workweek as Recommended Exposure Limit for crystalline silica (NIOSH, 1992) . There are further efforts to recommend an even lower level. Regulations in the lowdose range for respirable quartz should also consider the analytical uncertainties.
To improve the exposure assessment and to evaluate the degree of uncertainty in the different steps, the underlying information in that process needs to be documented for studies conducted in silica research. This information may then be exploited by quantitative uncertainty analyses (Rothman and Greenland, 1998; Greenland, 2001) , ordinary sensitivity analyses (Morfeld et al., 2006) , Monte Carlo sensitivity procedures (Lash and Fink, 2003; Marsh et al., 2007) , or Bayesian bias modelling (Steenland and Greenland, 2004; Greenland, 2005) to allow a better evaluation of all information available about exposures and potential confounders.
The large number of workers exposed to crystalline silica and the wealth of measurement in that field are a challenging resource for developing a best practice in exposure assessment. Although uncertainties still exist in exposure and consequently risk assessment, epidemiological studies provide the most important information to regulate occupational exposure limits.
